The catalyzation of TaN/SiO 2 /Si substrates was carried out by immersion in SnCl 2 /HCl and PdCl 2 /HCl solutions for electroless Cu deposition. The sizes and morphologies of the catalytic sites on the TaN layers were found to be a function of catalyzation conditions, including solution temperature, immersion time, and the surface oxides. The appropriate formula for catalyzation was obtained by considering both the quality and efficiency. The catalytic sites were composed of Sn and Pd, and the ratio of Sn/Pd was about 1.3. During electroless Cu deposition on the catalyzed TaN/SiO 2 /Si substrates, Cu nuclei first formed at the catalytic sites in the early stage, gradually agglomerated into dense islands, and finally merged to continuous deposition films. The Cu films were uniformly and smoothly deposited with a surface roughness of 6.2 nm under a film thickness of 210 nm. The lowest electrical resistivity of the Cu films was 2.5 ⍀ cm, and the residual resistivity contributed to the participation of Sn-Pd catalyst and internal defects. Good gap-filling capability of electroless Cu deposition on Sn/Pd catalyzed, patterned substrates exhibited its high potential to act as a seed layer for Cu electrodeposition and even to completely fill submicrometer gaps in ultralarge-scale integrated metallization. Metallization is a critical issue in the production of ultralargescale integrated ͑ULSI͒ circuits. As the size of the devices scales down and chip density highly increases, copper ͑Cu͒ has been proposed as the most reliable interconnect material to replace aluminum because of its significant advantages of low electrical resistivity, low power dissipation, and high resistance to electromigration.
Metallization is a critical issue in the production of ultralargescale integrated ͑ULSI͒ circuits. As the size of the devices scales down and chip density highly increases, copper ͑Cu͒ has been proposed as the most reliable interconnect material to replace aluminum because of its significant advantages of low electrical resistivity, low power dissipation, and high resistance to electromigration. 1, 2 Recently, Cu deposition by electrochemical methods has received great attention, since high-quality Cu films can be easily obtained at a low deposition temperature and by low tool cost. 3, 4 Electroless copper deposition has excellent step-coverage capability for high-aspectratio ͑A.R.͒ gaps and can be used either to produce the seed layer for copper electrodeposition or to fill the fine gaps directly. [5] [6] [7] Besides, due to the high selectivity, the low processing temperatures, the low cost of raw materials and equipment, and the feasibility, 8 it becomes attractive and is under continuous investigation.
However, some problems associated with Cu metallization must be solved, especially, the easy diffusion of Cu into SiO 2 and Si and its poor adhesion to dielectric layers. Therefore, for the successful integration of Cu metallization with integrated circuit ͑IC͒ processes, proper diffusion barrier layers of refractory metals and their nitrides are required to be placed between Cu and either the dielectric layers or the Si substrate to prevent the diffusion of Cu and to improve interfacial adhesion. Tantalum nitride ͑TaN͒, recognized as one of the most promising diffusion barriers for Cu, not only provides high thermal stability, but also has characteristics such as acceptable conductivity and the chemical inactivity with Cu. 9, 10 In addition, TaN does not react with Cu to form intermetallic compounds at elevated temperatures. 9 As a consequence, the study of the metallization scheme of electroless Cu deposition on TaN diffusion barrier is interesting and necessary.
Electroless metal deposition is a process of autocatalytic nucleation and growth, and needs a seed to initiate the reaction. Tantalum nitride, however, is not catalytic to electroless deposition and has to be catalyzed prior to the deposition of electroless Cu. The catalyzation of substrate materials using sensitization and activation by immersion in SnCl 2 /HCl and PdCl 2 /HCl solutions has been widely studied. 11, 12 Sard investigated the catalyzation behavior of carbon substrate and found that after sensitization and activation process, particle-like structures with a size less than 20 Å were present on the substrate, and these particles tended to agglomerate to dense clumps which are an order of magnitude larger in size. 11 Marton and Schlesinger observed that the catalytic sites on the SnCl 2 /PdCl 2 -treated dielectric substrates ͑glass, quartz, and mica, etc.͒ were less than 30 Å diam. 12 Until now, little information about the sensitization and activation of TaN diffusion barriers were published, although this procedure plays an important role in electroless Cu deposition on TaN.
Therefore, in this paper, the catalyzation of TaN layers which were sputtered on SiO 2 /Si substrates was studied. It was carried out by immersion in SnCl 2 /HCl and PdCl 2 /HCl solutions, followed by electroless Cu deposition of the TaN/SiO 2 /Si substrates. The surface morphologies and chemical compositions of the catalyzed substrates and deposited Cu films were examined. The experimental parameters including solution concentration, immersion time, and wet etching of the native oxides on TaN layers were modified to clarify the catalyzation behavior. The surface roughness, thickness, purity, and electrical resistivity of the electrolessly deposited Cu films were characterized. In addition, patterned TaN/SiO 2 /Si substrates with various sizes of gaps were also catalyzed and then Cu deposited to evaluate the step-coverage capability and gap-filling ability of the electroless Cu deposition.
Experimental
The substrates used in this study were thermally oxidized 150 mm Si͑100͒ wafers, followed by dc magnetron sputtering of 500 Å thick TaN diffusion barrier layers. For patterned substrates, the trenches with a size of 0.4-0.55 m and the vias with a size of 0.13-0.18 m were formed in the thermal oxide layers using standard photolithography and plasma etching processes, then the TaN layers were dc magnetron sputtered onto the patterned oxide surfaces. These TaN/SiO 2 /Si substrates were degreased and cleaned in acetone for 10 min under ultrasonic vibration and rinsed in deionized ͑DI͒ water. Since TaN was not catalytic to electroless Cu deposition, the surface activation of the substrates was subsequently carried out before Cu deposition. In the catalyzation process, TaN was first wet etched by a BOE ͑buffered oxide etchant, 34.9% NH 4 F, 7.2% HF, and water͒/HNO 3 solution for 1 min to remove the native oxides, followed by immersion of the etched substrates in a sensitization solution ͑10 g/L SnCl 2 and 40 mL/L HCl͒ and an activation solution ͑0.25 g/L PdCl 2 and 2.5 mL/L HCl͒ for 1-7 min at room temperature. Catalyzation at 60°C was also tried to evaluate the effect of temperature on the activation, and some substrates were not wet etched but directly sensitized and activated for comparison to study the influence of native oxides on catalyzation. After each of the sensitizing and activating steps, an identical procedure of 20 s DI water rinse was done to remove the residual chemical solutions. The activated TaN/SiO 2 /Si substrates were then electrolessly Cu deposited at a temperature of 60°C. The composition of electroless Cu deposition solution was listed in Table I .
The surface morphologies and roughness of as-received, SnCl 2 /PdCl 2 -treated, and Cu-deposited substrates were examined by atomic force microscopy ͑AFM͒ with a tapping mode. Rutherford backscattering spectroscopy ͑RBS͒ was used to analyze the composition on the surfaces of SnCl 2 /PdCl 2 -treated substrates and to evaluate the ratio of Sn to Pd. Scanning electron microscopy ͑SEM͒ was used to observe the surface morphologies, crosssectional microstructures, and gap-filling capability of Cu films and to estimate the Cu film thickness. The electrical resistivity of deposited Cu films was measured by a four-point probe method. The depth profiles of the elemental distribution in the Cu films were analyzed by Auger electron spectroscopy ͑AES͒.
Results and Discussion
Catalyzation of TaN substrates.-The surface morphologies of as-received and SnCl 2 /PdCl 2 -catalyzed ͑at room temperature͒ TaN/SiO 2 /Si substrates observed by AFM with a scanning area of 500 ϫ 500 nm are shown in Fig. 1 . The surface of the as-received TaN layer was very smooth and had an average surface roughness ͑Ra͒ of 0.2 nm. After the SnCl 2 /PdCl 2 treatment, the formation of catalytic sites was clearly observed as shown in Fig. 1b-d . Each catalytic site was composed of an agglomerate of small particles. Various catalyzation times contributed to different sizes and morphologies of the agglomerates. By the AFM sectional analyses, these agglomerates were measured as several tens to hundreds of nanometers in diameter and several to tens of nanometers in height. In other research, the catalytic sites produced on carbon and glass substrates after sequential immersion in SnCl 2 and PdCl 2 solutions were also observed by TEM and clarified to be composed of smaller nuclei which were approximately 2 nm diam and 4 nm in height, an order of magnitude smaller than the agglomerates. 11 In our study, the catalytic agglomerates were also found to be composed of fine particles of several nanometers, suggesting a similar phenomenon of the catalyzation of TaN substrates. When the sensitization and activation time increased, the agglomeration became much more serious by comparing the AFM images of Fig. 1b-d . The sizes of agglomerates became several times larger and caused the increase in the Ra values of the surfaces from 3.6 to 8.9 nm by 1-7 min catalyzation. The rough surfaces of the substrates bring negative influences on the continuity and electrical resistivity of the electrolessly deposited Cu film, 13 indicating the non-necessity of long time catalyzation. The results of catalyzation at 60°C were similar to those at room temperature, while shorter time was required to reach the same density of catalytic sites. The morphology after catalyzation at 60°C for 30 s was the same as those at room temperature for 1-3 min.
The catalyzation of TaN without HNO 3 /BOE ͑buffered oxide etch͒ etching was difficult since the native oxides and flatness of the TaN surface impeded the deposition of the catalyst. Figure 2 shows the surface morphologies of a 1 and 7 min catalyzed TaN layer without etching before catalyzation. As compared to Fig. 1 , it was clearly seen that the densities of the catalytic sites were rather low even with elongated catalyzation time of 7 min. Poor adhesion of Sn 2ϩ ions on the flat and oxidized surface during sensitization consequently inhibited the formation of the Pd catalytic sites through replacement reaction.
14 Using this substrate for electroless Cu deposition, it was found that only an extremely small area of the substrate was covered by Cu deposit even under a long deposition time of 10 min. Therefore, the wet-etching step to remove the native oxides and to increase the surface roughness was very important to the catalyzation of TaN. With considering both the quality and efficiency of the catalyzation of TaN, an appropriate formula was obtained in this experiment as follows: wet etching of the substrate in BOE/HNO 3 solution for 30-60 s, sensitization and activation of the substrate at room temperature for 1-3 min or at 60°for 30 s, and rinse in DI water for 20 s between any two steps.
Cohen et al. pointed out that Sn and Pd were both present in the catalyst after two-step activation in SnCl 2 and PdCl 2 solutions, and the Sn/Pd ratio was approximately two. 14 In the RBS spectra of TaN/SiO 2 /Si substrates after 1 and 3 min catalyzation shown in Fig.  3 in our research, both signals of Sn and Pd were also identified, indicating these two elements coexisting in the catalyst. Both the Sn/Pd ratios were 1.3 for 1 and 3 min catalyzation, respectively. This different result from Cohen's might be due to the different catalyzation conditions and different substrates.
Electroless Cu deposition on catalyzed TaN sub-
strates.-Through the nucleation, growth, and coalescence of threedimensional crystallites, 11 the deposits propagated along the surfaces of the substrates, and then the surfaces were thoroughly covered by Cu films which gradually increased in thickness with increasing deposition time. The AFM images in Fig. 4 show the surface morphologies of the electrolessly deposited Cu films on 1 min catalyzed TaN layers with different deposition times. After deposition for 15 s, Cu nucleated on the catalytic sites numerously, and the coalescence of nuclei was already found. The grain sizes in this stage were measured as 40-60 nm. As the deposition continued, the nuclei grew into large islands, and finally, they merged to form continuous films. The grain sizes of the continuous electroless Cu films with a deposition time of 10 min ͑Fig. 4d͒ were about 100-200 nm diam. It was noted that when the deposition time was less than 2 min, the surfaces were lightly gray due to the discontinuity of the films. For those with longer deposition time than 2 min, the appearance gradually turned bright, indicating the good continuity and smoothness of the Cu films. It was also noted that with a same electroless Cu solution and a constant deposition temperature, the deposition time for Cu to completely cover the surfaces of the substrates was a function of catalyzation conditions. High concentrations of SnCl 2 and PdCl 2 solutions and longer immersion time increased the nucleation sites for Cu deposition, and thus the deposition time for Cu to cover the surfaces was shorter. However, as the concentrations of the activation solutions were two times higher than original ones, the agglomeration of Sn-Pd became serious and roughened the surfaces.
To control the thickness of Cu films is important in ULSI metallization, whether or not the Cu acts as interconnects or as seed layers for Cu electrodeposition. Figure 5 shows the relationship between Cu film thickness and deposition time. The film thickness linearly increased with increasing deposition time, and the deposition rate was determined as 0.36 nm/s. The low deposition rate implied this electroless Cu solution was especially suitable to deposit thin layers with thicknesses below 200 nm. Good uniformity on film thickness and consolidated structure of Cu film was clearly presented though the film thickness was only 65 nm as shown in Fig. 6 , the cross-sectional SEM micrograph of the electroless Cu film.
The surface roughness ͑Ra, in an area of 1 ϫ 1 m͒ of electroless Cu films, as shown in Fig. 7 , slightly increased from 4.5 to 6.2 nm with increasing film thickness from 87 to 210 nm, indicating the smooth surfaces obtained by this deposition method. Basically, the surface roughness was independent of film thickness while slightly increased with increasing thickness due to the growth of Cu grains. Smooth deposition reveals a complete connection of the Cu grains and is necessary to obtain a fine electrical contact. The SEM micrograph of a typical surface of electroless Cu film is shown in Fig. 8 , and low surface roughness is easily obtained in our experiment.
Electrical resistivity of electroless Cu film.- Figure 9 shows the variation in the electrical resistivity of electrolessly deposited Cu films with different thicknesses. A high electrical resistivity of 4.2 ⍀ cm was obtained in the 3 min deposited Cu film ͑thickness ϳ60 nm͒ due to the large amount of defects and the severe surfaceinduced electron scattering in this thin layer, accompanied with the high resistivity of Sn-Pd catalyst. The electrical resistivity was further reduced to 2.5 ⍀ cm for the 10 min deposited Cu film with a larger thickness of about 210 nm, though there was still a residual resistivity of 0.8 ⍀ cm higher than the bulk value ͑ϳ1.7 ⍀ cm͒. From AES measurement shown in Fig. 10 , oxygen concentration was found to be very low either in the Cu layer or at the interface between Cu and TaN, indicating the minimized oxidation of the Cu films. From Fig. 10 , chlorine concentration was found to be high in the TaN layer, but its real atomic ratio among these elements was very low according to the calculation, excluding the effect of sensitivity. All other contaminants in Cu films were below the detectable limit of the spectroscopy, and thus Cu films were suggested to be electrolessly deposited with high purity. Therefore, the residual resistivity of the 10 min deposited Cu films was concluded to mainly result from the internal defects and the Sn-Pd catalyst. 15 Gap-filling capability of electroless Cu deposition.-One of the most important advantages of using electroless Cu deposition is the good step coverage and gap-filling ability. [5] [6] [7] In order to examine the feasibility of Sn/Pd catalyzation and electroless Cu deposition for the metallization of ULSI devices, patterned TaN/SiO 2 /Si substrates were also catalyzed and electrolessly Cu deposited using the same solutions. Figure 11 shows the SEM morphologies of cleaved cross sections of trenches and vias filled by electroless Cu. As shown in Fig. 11a -c, excellent step coverage of electroless Cu films was obtained in these submicrometer trenches because of the uniform nucleation and growth of Cu. This result illustrates that electroless Cu films are not only capable for interconnects but also to act as seed layers for Cu electrodeposition, which has been now becoming the major process to fill Cu into the damascene structures. 16 Some particles were observed at the edge of gaps as shown in Fig. 11c due to the Cu deposition on large agglomerated Sn-Pd catalyst, which was easier to form at edges than on flat surfaces. The abnormally large aggregates destroy the uniformity of the trench geometry and lower the step coverage during subsequent Cu electrodeposition. Besides, Cu growth on these particles enclosed the openings of the trenches with seams and pores left when the electroless Cu was used to directly fill the trenches as interconnects. Therefore, catalyzation should be essentially careful for Cu deposition on the patterned substrates. Successful filling of 0.5 m trenches ͑A.R.: 1.4͒ which were previously catalyzed at room temperature for 1 min is shown in Fig.  11d , and Fig. 11e and f 17 it is clearly known that hydrogen is released during the reaction. The released hydrogen is trapped at Cu/TaN interfaces and weakens the adhesion of Cu and TaN, and blisters forms on the surfaces of Cu films due to the accumulation of hydrogen. 18 To improve the adhesion, the reduction in deposition rate and the heat-treatment of the deposition Cu films can be adopted. The electroless Cu deposition rate was reduced by diluting the plating solution and lowering the deposition temperature in our experiment, and it was found that the blister formation was greatly inhibited because of the retardation of hydrogen evolution. After annealing at 400°C for 1 h, the Cu films passed the tape-peeling test reproducibly while those without annealing did not, indicating that adhesion strength was enhanced by the heat-treatment.
Conclusions
The catalyzation of TaN/SiO 2 /Si substrate by sensitization and activation using a double immersion in SnCl 2 /HCl and PdCl 2 /HCl solutions for the fabrication of electroless Cu metallization has been investigated. The appropriate formula was able to produce uniform catalytic sites on the TaN layer. The growth of electroless Cu film on TaN layer started from the nucleation of Cu nuclei on the catalytic sites, via the continuous electroless reaction, the nuclei coalesced to form dense islands and finally merged to yield a continuous deposit. Surface analysis and roughness measurement showed that the electroless Cu film was pure and smooth. The electrical resistivity of the Cu film decreased with increasing film thickness, and the lowest resistivity was 2.5 ⍀ cm with a film thickness of 210 nm. The residual resistivity resulted from the inclusion of Sn-Pd catalyst and internal defects. The gap-filling study showed that electroless Cu deposited on Sn/Pd-catalyzed, patterned TaN/SiO 2 /Si substrate with good step coverage and gap-filling capability in both 1 m and submicrometer gaps and has potential to be used in ULSI metallization.
